Background: N-terminal-pro brain natriuretic peptide (NTproBNP) is a useful cardiac marker that is also influenced by renal dysfunction. It was our objective to assess the relationship between NT-proBNP concentrations in plasma and worsening renal function, and to attempt adjustment of NTproBNP for renal dysfunction in a prospective, stratified multi-center study. Methods: We stratified 203 male patients according to their cardiac status and the estimated glomerular filtration rate (eGFR). Cardiac disease was assessed by medical history, physical examination and standardized echocardiography. Patients were stratified according to the following: absence of cardiac history and abnormalities (control, CTRL, ns66), cardiac history without left ventricular hypertrophy (LVH) or left ventricular systolic dysfunction (LVD) (history, ns30), LVH without systolic dysfunction (LVH, ns68), and LVD wejection fraction (EF) -40%, LVD, ns39x. Renal disease
Introduction
N-terminal-pro brain natriuretic peptide (NT-proBNP) is a useful cardiac marker that may facilitate the early diagnosis of heart failure and stratification of cardiac risk. Specifically, NT-proBNP has been shown to be useful for the diagnosis of left ventricular (LV) systolic (1-6) as well as diastolic dysfunction (7, 8) , and acutely decompensated heart failure (9-13). While NT-proBNP plasma concentrations are primarily thought to indicate the severity of LV dysfunction, recent studies have shown that concentrations also correlate inversely with the glomerular filtration rate (GFR) and may be highly increased in patients on dialysis (14) (15) (16) (17) .
The influence of renal dysfunction on NT-proBNP is highly relevant for the clinical application of this marker since cardiac disease is frequently associated with renal disease (14, (18) (19) (20) . Likewise, patients with chronic kidney disease (CKD) are at increased risk of suffering from cardiovascular complications, such as myocardial infarction (MI) and heart failure (21) (22) (23) . Therefore, patients with known or suspected cardiac disease as well as patients with renal disease are potential candidates for NT-proBNP testing.
Although cardiac markers are utilized more and more frequently in these patient groups and concomitant renal dysfunction may distort the correct interpretation of individual test results, no algorithm for adjustment of measured NT-proBNP concentrations for renal dysfunction has been established to date. Indeed, patients with more than mild renal dysfunction are often excluded from clinical studies (9, 10) . Therefore, our objective was to assess the effect of renal function on NT-proBNP concentrations, and to establish for the first time an algorithm that allows adjustment of measured NT-proBNP concentrations with respect to renal dysfunction. We hypothesized that NT-proBNP would correlate inversely with estimated glomerular filtration rate (eGFR), and that adjustment of NT-proBNP according to the severity of renal disease would increase the predictive power of this marker. To test our hypothesis, we conducted a cross-sectional study of male individuals with prospective stratification according to the degree of cardiac disease and the degree of kidney disease. All study subjects were well characterized by careful physical examination, medical history, and standardized echocardiography.
Materials and methods

Patients
In this cross-sectional study, a total of 204 clinically stable male patients between 18 and 75 years of age with an eGFR G15 mL/ min (not on dialysis) were enrolled in four centers in Germany. Patients were stratified into the following groups according to their cardiac condition: 1) absence of LV hypertrophy (LVH) and absence of LV systolic dysfunction (LVD) during echocardiography (ns96), 2) LVH with preserved LV systolic function (LVH, ns68) or 3) presence of LVD wejection fraction (EF)-40%, LVD, ns39x. One patient could not be stratified and was excluded from further analyses. Among the 96 patients without LVH and without LVD, 30 patients had a reported previous history of cardiac disease including MI or )2nd degree valvular disease and constituted the ''History'' group. In this group, quantitative echocardiography was available in all but one patient (ns29). The remaining 66 patients without LVH and LVD had no previous history of any cardiac disease and constituted the control group (CTRL). eGFR was calculated using the Cockroft-Gault formula (24) and patient counts were ns52 for eGFR 15-30 mL/min, ns99 for eGFR 31-75 mL/min and ns52 for eGFR )75 mL/min.
During a visit to one of the four study centers either as outpatients or during an in-hospital stay, all patients underwent a standardized interview, physical examination including blood and urine collection and standardized echocardiography. Patients with unstable angina pectoris, MI, or decompensated heart failure within 4 weeks, or patients with severe pulmonary hypertension (estimated systolic pulmonary artery pressure G50 mm Hg by echocardiography) were also excluded from the study. All study procedures were performed in accordance with GCP/ICH guidelines and the study protocol was accepted by local Ethics Committees. All patients gave written informed consent.
Biochemical analyses
Serum creatinine, creatine kinase (CK), erythrocyte count, hematocrit and hemoglobin and urine protein and creatinine were measured using standard clinical laboratory procedures. Several formulas have been developed to estimate renal function from measurements of serum creatinine, the two most frequently used being the Cockcroft-Gault formula and the Modification of Diet in Renal Disease (MDRD) four variable equation. While the latter is more widely used for automated reporting eGFR values since it does not require body weight, we used the Cockcroft-Gault formula which includes body weight to provide estimates of creatinine clearance rates. A recent comparison of measured GFR using continuous inulin infusion with values derived by the Cockcroft-Gault and the MDRD formulas revealed similar accuracies for both (25) .
NT-proBNP concentrations were measured by a central laboratory using the Elecsys ᭨ -system from Roche Diagnostics (Mannheim, Germany). The reference interval for normal NT-proBNP used in this study was derived from an age and gender stratified reference sample of 2948 healthy blood donors (data at Roche Diagnostics). In a male subgroup of this reference sample with a median age of 56.3 years (ns432), the 97.5th percentile for NT-proBNP was 193.5 pg/mL. Since our male study population was of similar age (mean 56.1 years, median 59.0 years) we chose this cut-off threshold as the upper limit of normal for the present study (reference cut-off).
Echocardiography
Echocardiography (ECG) was performed according to criteria of the American Society of Echocardiography (26) (27) . LVM was indexed to body surface area and LVH was defined as LVM index )130 g/m 2 . Left ventricular end diastolic volume (LVEDV) and end systolic volume (LVESV) were determined by the area-length method (28) from an ECG-triggered 2D-image in the 4-chamber view, and EF was calculated as EFs(LVEDVyLVESV)= 100/LVEDV. Systolic LV dysfunction was defined as an EFF40%. Systolic pulmonary artery pressure was estimated in the presence of tricuspid regurgitation as central venous pressureqsystolic pressure gradient between the right ventricle and right atrium.
Statistics
Comparison of baseline characteristics between study groups was performed using ANOVA for continuous variables and the x 2 -test for categorical variables. Since the distribution of NT-proBNP concentration is skewed, logarithmically transformed values were used for subsequent analyses. To determine the effect of eGFR on NTproBNP, regression analyses were performed with NT-proBNP as the dependent variable and eGFR, as well as a number of other covariates as independent variables. The final model included eGFR, LVEF, LV end diastolic volume index (LVEDVI), New York Heart Association (NYHA) classification and the presence of rales, and was used to adjust measured NT-proBNP concentrations for eGFR. The resulting adjustment algorithm was: NT-pro-BNP adjusted sNT-proBNP/e 1.892-0.025*eGFR . The predictive values of both crude and adjusted NT-proBNP were calculated for the detection of LVD and symptomatic LVD both for the reference cut-off (193.5 pg/mL) which was derived from the 97.5th percentile of a large healthy reference population (see above), as well as by receiver operator characteristic (ROC) analysis without pre-specified cutpoints. Calculations were performed using SAS 8.2 and SPSS 12.0 statistical software (SPSS Inc., Chicago, IL, USA). 
Results
Patient characteristics
Stratification according to cardiovascular comorbidities revealed a high prevalence of arterial hypertension in all groups, particularly in those with LVH (Table 1) . Patients with systolic LVD also showed a high degree of LVH and were older. Mean EF in this group was 32% as compared to a mean EF of over 60% in all other groups. This group also showed significant LV dilatation and a high previous history of heart disease. Due to stratification, the severity of CKD was almost evenly distributed among the groups with or without cardiac abnormalities.
Correlation of NT-proBNP with eGFR
Within cardiac disease groups, there was a wide scatter of NT-proBNP concentrations with a minimum value of 5 and a maximum value of 24,171 pg/mL. Significant negative correlation was found for NT-proBNP and eGFR in the entire study population (R 2 s0.236; p-0.0001), and in each predefined group stratified by cardiac status (Figure 1 ). Accordingly, although statistically significant differences between the cardiac groups were observed, a wide overlap of NTproBNP concentrations was present (Figure 2, left) .
Testing the interaction between cardiac disease and eGFR showed that the correlation of both, cardiac disease and eGFR with NT-proBNP was independent from each other. This indicates that eGFR greatly affects measured NTproBNP concentrations regardless of the presence of cardiac disease. Multivariate regression models with NT-proBNP as dependent variable were evaluated. These models included eGFR, EF, LVMI and LVEDVI, as well as a number of clinical and anamnestic variables. The best prediction of NTproBNP was found in a model that included eGFR, EF, LVEDVI (continuous variables), as well as NYHA-class (I-IV) and rales (yes or no) ( Table 2 ). In this model, eGFR had a strong influence on NT-proBNP-concentrations which was not abolished by the other covariates. Using the regression coefficient determined for the correlation between eGFR and NT-proBNP from this model, NT-proBNP values were calculated for each individual that were adjusted for eGFR. The resulting adjustment algorithm was:
1.892-0.025=eGFR
NT-proBNP sNT-proBNP/e . adjusted A comparison of the lower adjusted with the higher crude NT-proBNP concentrations demonstrates markedly less overlap between the subgroups and particularly better distinction of LVD (Figure 2, right) .
Abundance of reclassification and characteristics of reclassified patients
In several patients with increased measured NT-proBNP concentrations above the reference cut-point (193.5 pg/mL, derived from the reference population), mathematical adjustment decreased the NT-proBNP to below the reference cutpoint and into the normal range. The frequency of reclassification from elevated to normal was 21% for all subjects with an eGFR of 31-75 mL/min, and 23% of all subjects with an eGFR -30 mL/min. These reclassified patients showed disease characteristics that were similar to individuals with low unadjusted NT-proBNP concentrations (Table  3) . Specifically, there was no indication for a significant excess of cardiac disease in the group with normal NTproBNP after adjustment (better EF, only slightly higher LVMI), however, eGFR was much lower in this group. This finding indicates that in these patients, renal dysfunction was indeed the underlying cause for measured NT-proBNP concentrations above the cut-off threshold.
Following adjustment of NT-proBNP for eGFR, a total of 81 patients with an LVEF )40% still exhibited increased Results from adjusted regression analysis with log(NT-proBNP) as the dependent variable; SE, standard error.
NT-proBNP concentrations. Since increased NT-proBNP has been shown to be associated with diseases other than systolic LVD or overt heart failure, we assessed which comorbidities were present in these patients. Among these patients, 41.3% showed LVH, 21.3% had long standing arterial hypertension, 20.0% had a moderately impaired LV systolic function (40%-EFF50%), 10% had a previous MI with preserved systolic function, and 3.7% had pulmonary disease. Thus, in addition to significant systolic LVD, moderate LVD, LVH, previous MI with preserved LV function and arterial hypertension with no apparent cardiac abnormality are frequently associated with increased NT-proBNP in patients with decreased renal function.
Predictive values of crude and adjusted NT-proBNP
Adjusted NT-proBNP concentrations were used in parallel to unadjusted NT-proBNP concentrations to predict systolic LVD and symptomatic LVD. The adjusted NT-proBNP concentrations were associated with a marked improvement in predictive values compared to the actual measured values. Specifically, the ROC areas for the detection of LVD, as well as for symptomatic LVD, increased significantly (Table 4) . When the predictive values were compared to each other at the reference cut-point (193.5 pg/mL), adjustment did not diminish the sensitivity of the test, which was already at 95% for the detection of LVD and 100% for the detection of symptomatic LVD. However, specificity increased by ;20% without any loss of sensitivity because the rate of false positives was markedly decreased (Table 4 , compare lines 1 and 3 for LVD and 5 and 7 for symptomatic LVD, respectively).
When optimal sensitivity, specificity and cut-point were computed using ROC analysis independently from the reference cut-point, adjustment of NT-proBNP was associated with a marked increase in sensitivity and specificity (each ;5%) as compared to actual measured values (Table 4 , compare lines 2 and 4 for LVD and 6 and 8 for symptomatic LVD, respectively).
Discussion
The current study addresses the effect of decreased renal function on NT-proBNP as a marker of LVD in prospectively stratified male patients. It demonstrates that in addition to the severity of cardiac disease, renal impairment is a major contributor to NT-proBNP concentrations. To improve the predictive properties of NT-proBNP for cardiac disease, a correction factor is proposed that allows adjustment of measured NT-proBNP concentrations according to the eGFR. This adjustment improves the predictive values of the marker to detect LVD and can help decrease false positive results.
Correlation between NT-proBNP and renal function
NT-proBNP was correlated with eGFR in all groups of male patients with and without cardiac disease. This finding corroborates some very recent observational studies that indicated a correlation between NT-proBNP and eGFR in pre-dialysis patients (17) , patients with acute dyspnea (9, 29) , stable ischemic heart disease (3, 14, 16), heart failure (30) or peripheral artery disease (31) , and in those with various Figure 3 Association between NT-proBNP and eGFR for three important decision points: 125 pg/mL is the approved decision point for the exclusion of LVD; 193.5 pg/mL is the 97.5th percentile of a healthy reference population; 300 pg/mL is the decision point for ruling out acute CHF in the ER. stages of renal function (32) , and is in contrast to pooled data which suggested that there is no interdependence between renal impairment and increased NT-proBNP concentrations (33). However, unlike previous studies, our study was specifically designed to resolve the relationship between eGFR and NT-proBNP concentrations by using careful prospective patient stratification. The stratification procedure allowed us to correlate data over a broad and mostly evenly distributed range of eGFR values, whereas observational studies underrepresented patients with renal impairment. Therefore, our study demonstrates that renal function affects NT-proBNP concentrations beyond cardiac structural abnormalities that are frequently present in CKD. Also, it is the first to provide an algorithm for adjusting marker concentrations for this frequent and important comorbidity.
Effect of adjustment of NT-proBNP for renal dysfunction
Adjustment of NT-proBNP for eGFR according to the proposed formula results in decreased NT-proBNP concentrations in male subjects with reduced eGFR. This also results in a decreased scatter of marker-concentrations with less overlap between the cardiac subgroups and better distinction between healthy patients (CTRL) and those with structural heart disease (History and LVH) and LVD ( Figure 2) .
The effect of adjustment of NT-proBNP upon the predictive value was tested in patients with LVD and symptomatic LVD, both for the reference value as well as for an optimized cut-point yielding highest sensitivity and specificity as determined from ROC analysis. All findings demonstrate that adjustment of NT-proBNP for eGFR is associated with a marked and statistically significant improvement in the predictive value (Table 4) . At the reference cut-point, unadjusted NT-proBNP provides an extremely high negative predictive value (NPV) for both LVD and symptomatic LVD (Table 4 , rows 1 and 5). This indicates that NT-proBNP reliably excludes the presence of (symptomatic) LVD at belowthreshold concentrations, and underscores its role as an important cardiac marker. Since the proposed algorithm decreases the measured NT-proBNP concentrations in subjects with renal insufficiency, it might cause marker concentrations to be adjusted from elevated to normal. If this reclassification resulted in inappropriate values, it would result in a loss of NPV. However, as indicated in Table 4 (rows 3 and 7), adjustment of NT-proBNP was not associated with any loss of negative predictive value, indicating that the adjustment is appropriate and does not impair the power of NT-proBNP to exclude LVD. Also, adjustment of NT-pro-BNP was associated with an increase in specificity of ;20% both for LVD and symptomatic LVD, without any loss in sensitivity (Table 4 , compare rows 1 with 3 and 5 with 7, respectively). The increase in specificity is equivalent to a decrease in unspecific test-results, which indicates that renal insufficiency may cause increased NT-proBNP concentrations.
The increase in NT-proBNP with decreasing eGFR is depicted in Figure 3 , where the adjustment curves for 3 popular cut points are plotted against eGFR. These cut-off thresholds are 125 pg/mL which represents the approved cutpoint for the exclusion of LVD, 193.5 pg/mL which is the cut-point for our healthy reference population, and 300 pg/mL which is the rule out cut-point for acute congestive heart failure (CHF) (10) . The adjusted curves demonstrate that when eGFR decreases, NT-proBNP concentrations increase exponentially and might indicate pathological concentrations if no adjustment is performed.
Importance of renal dysfunction
CKD is a predictor of poor prognosis in asymptomatic patients as well as patients with symptomatic cardiac disease or heart failure (14, (18) (19) (20) (21) (22) (23) . It is likely that cardiac markers will be measured more frequently in patients at risk, but as the current study confirms, will require careful interpretation of individual test results. While a reduction in eGFR may not be as important if significant cardiac disease with LVD is present, it may be crucial for the interpretation of plasma concentrations in individuals without any cardiac abnormalities. In these patients, false positive test results will be generated if the contribution of renal dysfunction on NT-proBNP concentrations is neglected. The relevance of adjustment of NT-proBNP concentrations in patients with CKD is apparent by the fact that 21% of all patients in the group with renal dysfunction were reclassified from ''elevated'' to ''normal'' NT-proBNP following adjustment.
Mechanism of increased NT-proBNP in renal dysfunction
The strong correlation between renal insufficiency and plasma NT-proBNP concentrations suggests renal elimination as a major possible contributor. Indeed, renal elimination of NTproBNP, similar to BNP, has been demonstrated by catheter-ization studies (34) (35) (36) . In these studies, the renal elimination rate was between 15% and 20% for both BNP and NT-proBNP, and is similar to other bioactive peptides (37) . Impairment in glomerular filtration may then lead to impaired renal extraction and higher plasma concentrations. As additional mechanism of increased NT-proBNP and BNP in renal insufficiency, increased plasma concentrations might also be partly attributable to fluid overload in these patients. However, we tried to minimize this problem in the current study by excluding patients with decompensated heart failure during the past 4 weeks, and made sure that patients with decreased eGFR in the control group displayed no clinical signs of heart failure or volume overload.
Limitations
Despite the stratification of patients and multi-center design, the current study has limitations. NT-proBNP concentrations in the group with normal echocardiographic findings and various degrees of renal impairment may not reflect that of completely ''healthy'' controls. Renal disease as well as high prevalences of diabetes, hypertension, and renal transplantation in this group may impact the molecular biology of the natriuretic peptides. Further, any such condition may cause changes in cardiac structure without being detectable by echocardiography, consequently affecting NT-proBNP concentrations. This dilemma cannot be eliminated in a human study, however. A further limitation is that only male patients were recruited. Due to the effect of gender on NT-proBNP concentrations, the algorithm for adjusting NT-proBNP concentrations in female subjects may differ and need to be evaluated separately. Also, our study does not clarify whether an adjustment for renal insufficiency improves the prognostic properties of NT-proBNP. Since increased NT-proBNP is a predictor of poor prognosis in subjects with LV dysfunction, and renal dysfunction is a predictor of poor prognosis by itself, the prognostic information of NT-proBNP in patients with heart failure may solely not be derived from the association with LV, but also with renal insufficiency.
Conclusions
NT-proBNP plasma concentrations are affected by renal insufficiency. The current study provides an algorithm for adjusting NT-proBNP concentrations according to eGFR, and demonstrates that adjustment markedly improves the predictive value of this marker in male patients. Most importantly, it helps to increase the specificity of the test without loss of sensitivity or NPV. Individual NT-proBNP test results should always be interpreted in the context of renal function.
